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Abstract
This work focuses on using copper (Cu) as the main conductor as an alternative to standard screen printed silver (Ag)
front contacts for homogeneous emitter silicon solar cells.
Two different approaches to form Cu plated contacts based on laser ablation of the SiNx:H antireflection coating 
(ARC) and subsequent plating steps are presented. In the first approach, contacts are formed by Ni/Cu/Ag plating in 
an industrial in-line plating tool and subsequent rapid thermal annealing (RTA). In the second approach, the RTA 
step is performed after sputtering of a thin nickel layer and prior to the final Ni/Cu/Ag plating sequence. Using the 
latter approach, results are presented on large area 12.5x12.5 cm2 p-type CZ-Si PERC-type solar cells featuring an 
advanced 120 sq homogeneous emitter and local Al contacts on the rear surface accompanied by a SiOx/SiNx rear 
side passivation stack. SRODU FHOO HIILFLHQFLHV RI XS WR Ș .6% and average pull tab adhesion results >2 N are 
reported.
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1. Introduction
Standard front side metallization of industrial silicon solar cells is based on printed silver paste contacts 
which are typically fired through a SiNx:H antireflection coating (ARC) for contact formation. 
Contact resistance limitations for P surface concentrations < 1x1020 P atoms/cm3 and rather wide 
contact lines limit the range of compatible homogeneous emitters to surface concentrations (Ns) above 
1x1020 P atoms/cm3 and to sheet resistance values below 90 VT>@7KLVIXUWKHUOLPLWVFHOOHIILFLHQFLHV
as high performance homogeneous emitters require low Ns [2]. An additional concern for silver based 
contacts is the relatively high cost of silver that is likely to increase as demand and supply issues increase 
driven by a fast expanding PV market. Similar reasoning is reflected in ITRPV [3] predictions which 
predict an average drop to 1/3 in Ag consumption per cell from 2010 to 2015 and further reductions 
beyond.
Using a two-layer approach [4] it is possible to overcome many of the limitations of printed Ag 
contacts. The first metal layer is chosen for its contact properties while the second metal layer is 
optimized for its current transport properties. Nickel is an excellent choice for the first layer for several 
reasons. First, it can be plated selectively in very narrow openings to form self-aligned contacts. Laser 
technologies allow the selective opening of lines in the ARC layer down to 10 µm [5] enabling narrow 
contacts after Ni/Cu plating and hence reduced shadowing losses. Second, upon sintering nickel reacts
with Si to form nickel silicides with very low specific contact resistance [6-7]. This enables the use of 
high efficiency emitters with low Ns. Finally, it has been shown to serve as an effective diffusion barrier 
for copper in PV modules [8]. Copper is an ideal candidate for the second layer because it is much 
cheaper and has a similar conductivity as silver enabling potentially lower processing costs [9].
Excellent cell results of self-aligned Ni/Cu contacts have been reported using simplified patterning
schemes for the SiNx:H ARC layer. The most relevant ones are: laser ablation of the ARC [10-12], laser 
chemical processing [13-14], and laser doped selective emitters [15]. However, in most cases the pull tab 
adhesion of those contacts after standard tab soldering is not mentioned and/or is poor.
The purpose of this paper is to report on work using self-aligned Ni/Cu contacts including respective 
pull tab adhesion results on finished devices. 
2. Experimental
In this work 1-3  .cm, p-type, pseudo-square, 12.5 x 12.5 cm2 Cz-Si (100) wafers with a starting 
thickness of 180 µm were used.  After random pyramid texturing and polishing of the rear side, the wafers 
were processed in two separate experiments according to the sequences described in Fig.1. Since both 
sequences feature different emitters, different laser ablation, and different plating sequences the purpose 
of this paper is to report on work using both sequences rather than comparing them one to another. 
In a first experiment, solar cells comprising an industrial type 60 VTHPLWWHU (Ns>1x1020 at/cm3) were
processed into PERC type solar cells. Prior to POCl3 diffusion, a SiO2 diffusion mask was deposited at the 
rear side by means of chemical vapor deposition (CVD). The POCl3 diffused emitter was passivated with 
a PECVD SiNx:H layer. At the rear side a PECVD SiNx:H layer was applied on top of the CVD SiO2
diffusion mask. Local Al back-surface-field (BSF) contacts on the rear surface were formed using laser 
ablation of the backside dielectric layers, followed by physical vapor deposition (PVD) of Al, and a firing 
step in an inline belt furnace. This sequence results in so called i-PERC (industrially applicable Passivated 
Emitter and Rear Contact) solar cells [16-17]. Such solar cell structures are used in both experiments. In 
both cases the front contact is formed after forming the local rear contacts. For the 60 :/sq emitter the 
dielectric layer on the front (SiNx:H) was opened using a ns-89 ODVHU Ȝ  nm) leading to contact 
openings of ~35 µm. Finally, the solar cells were Ni/Cu/Ag plated in an industrial in-line tool from Meco 
and annealed in N2 in a rapid thermal annealing (RTA) furnace. Ni (~1 µm) was deposited by light 
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induced plating (LIP) (solution based on Ni sulfamate), Cu (~10µm) and Ag capping (~1 µm) were 
electroplated. RTA was performed at 300ºC.
In a second separate experiment, the process sequence was optimized and several changes were made. 
First, the standard 60 VTHPLWWHUZDVUHSODFHGE\Dhigh efficiency deep homogeneous 120 VTHPLWWHU
(Ns~1x1019 at/cm3) with thermal oxide passivation. To benefit from the thermal oxidation of both sides 
the SiO2 diffusion mask was removed during the PSG etch. Subsequently, the rear SiOx/SiNx dielectric 
stack was completed by means of PECVD. The laser ablation of the front SiOx/SiNx:H dielectric stack 
has in that case been performed by a ps-laser leading to narrower contact openings of ~12 µm. Contrary to 
the previous experiment, the RTA step to create self-aligned nickel silicide contacts was performed by 
sintering a thin PVD Ni layer prior to the final Ni/Cu/Ag plating sequence. One advantage of having the 
RTA step first is that potential Cu diffusion into the emitter during the sintering step is avoided. The final 
Ni/Cu/Ag plating sequence was performed at Imec using batch tools. Ni was deposited by LIP (solution 
based on Ni sulfamate), Cu was electroplated, and a solderable Ag cap was deposited by immersion.
Figure 1: Process sequence for i-PERC solar cells featuring 60 VTDQGVTHPLWWHUVUHVSHFWLYHO\
3. Results and discussions
3.1. Electrical results with 60 sq emitters and ns-laser ablation
Table 1 gives average and best solar cell results achieved with the 60 VTL-PERC sequence.
Table 1.  Average and best solar cells result on 160 µm thick, 1-3 FPSVHXGR-square 12.5 x 12.5 cm2, p-type CZ-Si wafers, 60 
VTL-PERC solar cells with Ni/Cu/Ag contacts plated at Meco.* Independently measured at FhG-ISE Cal-Lab
Device Jsc Voc FF Eta Rseries pFF
[mA/cm2] [mV] [%] [%] >ȍFP2] [%]
average 38.3 649.1 75.8 18.9 1.1 81.9
(3 cells) ±0.1 ±1.9 ±1.4 ±0.4 ±0.4 ±0
best* 38.5 648.5 75.6 18.9 0.90 81.9
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As can be seen from Table 1, the electrical performance of the Ni/Cu/Ag contacts processed at Meco 
is very encouraging with average Voc close to 650 mV and average Jsc of 38.3 mA/cm
2. The good Jsc is the 
result of reduced shading losses thanks to the narrower plated contacts (~65 µm). The high Voc could be 
caused by incomplete laser ablation of the SiNx:H ARC. The reduced contact area would increase the 
contact resistance, and hence explain the poor FF values, and lead to lower recombination losses. Focused 
Ion Beam (FIB) cutting was used to create cross-sectional images of the plated lines by Scanning electron 
microscopy (SEM) as shown in Fig. 2.
Fig. 2. (a) SEM image and FIB cut of a Ni/Cu/Ag contact plated at Meco. (b) FIB cross section featuring the LIP Ni barrier, the 
electroplated Cu, and the electroplated Ag cap.  (c) Zoom-in of square #1 present in Fig. 2(b). (d) Zoom-in of square #2 present in 
Fig. 2(b).
From these SEM images, the challenges of good line adhesion and creating a barrier to Cu diffusion 
become clear. Cu plating occurs in both lateral and vertical direction (contact opening is ~35 µm, final Cu 
plated width is ~65 µm). Cu does not adhere to SiNx as can be seen by the thin void present in Fig. 2(c)
between the SiNx and Cu. As a result, less than half of the total line width can contribute to the line 
adhesion. Moreover, the selective ns-UV laser ablation of the SiNx:H layer is incomplete in many areas 
and especially at the edge of the laser opening (see Fig. 2(d)) leading to a reduced contact area. Non-
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uniform ablation of SiNx on random pyramid textured surfaces has previously been reported with ns-laser 
ablation [10] and believed to be caused by optical effects within pyramids.
3.2 Electrical results with deep 120 sq emitters and ps-laser ablation
A batch of 4 cells with a deep 120 VT was processed according to the process flow described in 
Fig.1. Their average electrical performance as well as the best performing cell under standard 
illumination is given in table 2.
Table 2. Average and best illuminated I-V results of 12.5x12.5 cm2 pseudo square Cz-Si 1.5 FP PERC solar cells with 120 VT
emitter and  Ni/Cu/Ag contacts processed at Imec.
Device Jsc Voc FF Eta Rseries pFF
[mA/cm2] [mV] [%] [%] >ȍFP2] [%]
average 38.0 646.5 78.4 19.3 0.61 81.8
(4 cells) ±0.2 ±6.5 ±0.4 ±0.2 ±0.02 ±1.0
best 38.3 655.9 77.8 19.6 0.63 81.0
Table 2 shows that energy conversion efficiencies up to 19.6% were achieved with this process on 
large area (12.5x12.5 cm2) solar cells processed at Imec. The average FF was 78.4±0.4% and the average 
Rseries was 0.61±0.02  .cm2 demonstrating the good reproducibility of the plating sequence. The average 
pFF was 81.8% indicating that further optimization of the laser ablation and the contact formation is 
required to deliver higher pFF values. Nevertheless, the fact that low Rseries values were achieved with 
laser openings of ~12 µm demonstrates the excellent contact resistance properties of the nickel silicide 
contacts formed with PVD Ni. On the other hand, despite the very narrow lines formed (average ~40 µm
after plating) no Jsc improvement was observed as compared to the 60 VTcell processed at Meco. Two 
reasons for this lower Jsc have been identified so far. First, the measured shading loss for the best 120 
VTcell was 6.9% as compared to 5.3% for the best 60 VTFHOO. This can be explained by the additional 
number of fingers that is required for the 120 VT cells to compensate for the emitter resistance loss 
between fingers. This translates in a 0.6 mA/cm2 absolute loss in Jsc and should be reduced by further 
optimization of the plating thickness and contact pattern. Second, the 120 VT cell only gave a minor 
improvement in the short wavelength response as compared to the 60 VT cell as shown in the IQE 
measurements in Fig. 3. This indicates that even higher Jsc should be achievable with further optimization 
of the emitter formation, passivation and plating.
Fig. 3. IQE and reflectance comparison of 60 VT3(5&FHOOSURFHVVHGDW0HFRDQGVT3(5&FHOOSURFHVVHGDWImec.
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3.3 Adhesion results with deep 120 sq emitters and ps-laser ablation
To study the adhesion of the Ni/Cu/Ag contacts plated at Imec we measured adhesion on the finished 
120 VTVRODUFHOOVGHVFULEHGDERYH6WDQGDUG3E6Q$J coated Cu ribbons (2x0.127 mm2) were hand 
soldered on the 1.2 mm wide busbars, and pulled off at a 45º angle. The force required to remove each 
solder joint was recorded. We obtained an average (over 29 points) of 2.0±0.7 N. This demonstrates that 
metal contacts having good adhesion can be achieved with the plating sequence developed at Imec.
Additionally, we measured soldered tab adhesion for a large set of full-Al BSF solar cells processed 
with the same Ni/Cu/Ag plating sequence. The soldering temperature was varied and two types of 
Pb/Sn/Ag coated Cu ribbons were used: a standard ribbon (2x0.127 mm2) and a thinner ribbon (2.0x0.100
mm2). Adhesion results are shown in Fig.4.
 
Fig. 4. Pull tab adhesion results under a 45° angle for Ni/Cu/Ag plated contacts under different soldering conditions
It is clear from these results that “poor” soldering conditions (too high soldering temperature) lead to 
lower adhesion results with average pull strength around 1.5 N as compared to the 2.5 N obtained with 
standard soldering temperatures. On the other hand, using a thinner ribbon, and hence imparting less 
stress to the cell on soldering, increased average pull strengths to approximately 2.7 N. This shows there 
is a strong impact of tabbing material as well as soldering conditions on adhesion results.   
4. Conclusions
Current standard industrial solar cells with screen printed silver contacts limit the use of homogeneous 
emitters to those that are non-optimal due to the poor contact resistance at low Ns. Poor line conductivity 
and aspect ratio further limit efficiency. Coupled with the high price of silver, and potential future supply 
issues, strong motivations to look for alternatives arise. 
Self-aligned Ni/Cu contacts appear a good alternative. In this work we reported on self-aligned Ni/Cu 
contacts formed by laser ablation of the ARC and subsequent Ni/Cu plating steps. Using ps-laser ablation 
we could form narrow openings of ~12 µm leading to final contacts widths below 40 µm after plating. 
Using this process we achieved energy conversion efficiencies up WRȘ .6% on large area (12.5x12.5 
cm2) CZ-Si p-type PERC cells using a 120 sq homogeneous emitter. Additionally, average pull tab 
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adhesion results >2 N were measured on those solar cells demonstrating that Ni/Cu contacts having good 
adhesion can be achieved with the plating sequence developed at Imec
Ultimately, copper metallization also needs to be shown to be cost effective together with persuasive 
short term reliability testing predicting long term stability.
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